University of Central Florida

STARS
Faculty Bibliography 2010s

Faculty Bibliography

1-1-2013

Growth of high quality ZnO thin films with a homonucleation on
sapphire
Ming Wei
University of Central Florida

Ryan Casey Boutwell
University of Central Florida

Nikolai Faleev
Andrei Osinsky
Winston V. Schoenfeld
University of Central Florida

Find similar works at: https://stars.library.ucf.edu/facultybib2010
University of Central Florida Libraries http://library.ucf.edu
This Meeting Abstract is brought to you for free and open access by the Faculty Bibliography at STARS. It has been
accepted for inclusion in Faculty Bibliography 2010s by an authorized administrator of STARS. For more information,
please contact STARS@ucf.edu.

Recommended Citation
Wei, Ming; Boutwell, Ryan Casey; Faleev, Nikolai; Osinsky, Andrei; and Schoenfeld, Winston V., "Growth of
high quality ZnO thin films with a homonucleation on sapphire" (2013). Faculty Bibliography 2010s. 2578.
https://stars.library.ucf.edu/facultybib2010/2578

Growth of high quality ZnO thin films with a homonucleation on sapphire
Ming Wei, Ryan Casey Boutwell, Nikolai Faleev, Andrei Osinsky, and Winston V. Schoenfeld

Citation: Journal of Vacuum Science & Technology B 31, 041206 (2013); doi: 10.1116/1.4813918
View online: https://doi.org/10.1116/1.4813918
View Table of Contents: https://avs.scitation.org/toc/jvb/31/4
Published by the American Vacuum Society

ARTICLES YOU MAY BE INTERESTED IN
A comprehensive review of ZnO materials and devices
Journal of Applied Physics 98, 041301 (2005); https://doi.org/10.1063/1.1992666
Epitaxial growth of ZnO films on Si substrates using an epitaxial GaN buffer
Applied Physics Letters 78, 1511 (2001); https://doi.org/10.1063/1.1355296
High quality crystalline ZnO buffer layers on sapphire (001) by pulsed laser deposition for III–V nitrides
Applied Physics Letters 70, 2735 (1997); https://doi.org/10.1063/1.119006
Room-temperature ultraviolet laser emission from self-assembled ZnO microcrystallite thin films
Applied Physics Letters 72, 3270 (1998); https://doi.org/10.1063/1.121620
Structural, optical, and surface acoustic wave properties of epitaxial ZnO films grown on
metalorganic chemical vapor deposition
Journal of Applied Physics 85, 2595 (1999); https://doi.org/10.1063/1.369577
The role of oxygen vacancies in epitaxial-deposited ZnO thin films
Journal of Applied Physics 101, 053106 (2007); https://doi.org/10.1063/1.2437122

sapphire by

Growth of high quality ZnO thin films with a homonucleation on sapphire
Ming Wei and Ryan Casey Boutwell
CREOL, The College of Optics and Photonics, University of Central Florida, 4000 Central Florida Blvd,
Orlando, Florida 32816

Nikolai Faleev
School of Electrical, Computer and Energy Engineering, Arizona State University, 7700 S. River Parkway,
Tempe, Arizona 85284

Andrei Osinsky
Agnitron Technology, Inc., 14530 Martin Dr., Eden Prairie, Minnesota 55347

Winston V. Schoenfelda)
CREOL, The College of Optics and Photonics, University of Central Florida, 4000 Central Florida Blvd,
Orlando, Florida 32816

(Received 23 April 2013; accepted 2 July 2013; published 23 July 2013)
ZnO thin films were epitaxially grown on c-plane sapphire substrates by plasma-assisted molecular
beam epitaxy. A low temperature homonucleation ZnO layer was found crucial at the interfacial
region to absorb the defects formed by the lattice mismatch between the sapphire and ZnO,
resulting in a smooth surface that enables smooth 2D epitaxial growth. High quality ZnO films
were achieved after careful optimization of critical growth conditions: the sequence of Zn and O
source shutters, growth temperature for both the ZnO nucleation and growth layer, and Zn/O ratio.
Oxygen plasma pretreatment was not applied prior to the growth, thus shortening the growth time
and reducing oxidation of the metallic sources. Resultant epitaxial ZnO films on sapphire
demonstrated a root-mean-square surface roughness of 0.373 nm for 1 lm  1 lm atomic force
microscope images with clear hexagonal structure and terrace steps. The x-ray diffraction full
width at half maximum (FWHM) for x and x-2h ZnO (0002) triple-crystal rocking curves were
measured to be 13 and 26 arc/s, respectively. This FWHM value is lower than any reported to date
in the literature, with x and x-2h values indicating excellent coherence of the epitaxial layer along
the interface and the growth direction, accordingly. These x-ray diffraction and surface roughness
values are lower than those obtained using common nucleation layers such as MgO, indicating that
growth with ZnO nucleation layers on sapphire may lead to higher quality electrical and optical
C 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4813918]
devices. V
I. INTRODUCTION
Zinc oxide (ZnO) is an attractive material for high
efficiency ultraviolet (UV) optoelectronics devices, such as
solar-blind photodetectors,1,2 laser diodes (LDs),3 and light
emitting diodes (LEDs).4,5 Different methods have been
used to grow ZnO-based thin films, such as pulsed laser
deposition (PLD),6 metal-organic chemical vapor deposition
(MOCVD),7 molecular beam epitaxy (MBE),8,9 radiofrequency (RF) magnetron sputtering,10 and sol-gel.11
Among them, MBE has been applied to obtain single crystal
ZnO films which show potential for UV light emitters.
Optically and electrically pumped lasing at roomtemperature (RT) from ZnO has been reported.12,13
Much of the effort focused on ZnO growth on sapphire is
due to its relative low cost14–18 and the many potential benefits of ZnO to optoelectronic devices. However, there is a
large in-plane lattice mismatch (18%) between c-oriented
ZnO and the sapphire, typically resulting in a high dislocation density of more than 109 cm2 in epitaxial layers. Chen
et al.14 reported the smallest full width at half maximum
(FWHM) to date of the x-ray diffraction (XRD) (0002) rocking curve (RC) (18 arc sec), however the surface roughness
a)
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of the films were not reported. They found a 30 rotation in
the crystal orientation of the ZnO epilayer on the sapphire
substrate. To improve the crystal quality, MgO was used as a
hetero-buffer between sapphire and the ZnO epi-layer to
accommodate the lattice mismatch and eliminate the 30 rotation,9,14 thus improving the electrical and structural properties
of the ZnO epilayers. Chu et al.18 demonstrated an epi-ZnO
film with root-mean-square (RMS) roughness of 0.65 nm, but
with a broad FWHM XRD rocking curve (200 arc sec).
H2O2 was used as oxygen precursor in MBE,19 resulting in a
ZnO film with surface roughness of 0.2 nm and XRD FWHM
of 30 arc sec. In this study, by developing a low temperature
(LT) homonucleation ZnO layer and carefully optimizing the
growth conditions, we were able to obtain high quality ZnO
thin films with high crystalline quality and subnanometer surface roughness, representing a significant improvement over
other reported nucleation layers for ZnO on sapphire.
II. EXPERIMENT
ZnO was grown on (0001) a-Al2O3 (c-plane sapphire
substrates) by plasma-assisted molecular beam epitaxy
(PAMBE).8 Base pressure in the growth chamber was
2  1010 Torr. Elemental Zn (6N) was evaporated from
standard hot-lipped Knudsen cell and O (6N) fluxes were
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supplied by a RF radical cell (f0 ¼ 13.56 MHz). During the
growth of ZnO layers, the pressure in the chamber was maintained around 3  106 to 5  106 Torr. To increase the homogeneity of heat conduction during the growth, 1 lm of
titanium was deposited on the backside of the sapphire with a
Temescal E-beam evaporation system (model FC-2000). The
sample was thereafter degreased with iso-propanol and dried
with a nitrogen gun. After this cleaning procedure, the substrate was immediately loaded on an indium free molybdenum
holder and thermally cleaned at 600  C in a buffer chamber
(109 Torr) for 4 h before transfer to the growth chamber.
Sapphire substrates pretreated with oxygen plasma have
been reported critical for initial 2D ZnO growth in order to
form an oxygen terminated surface. Although the pretreatment is largely used for growth of ZnO, the excess oxygen
has the deteriorating effect of accelerating the oxidation of
metallic sources, i.e., Zn, in the MBE chamber, especially
when outgassing at high temperature (HT) under the oxygen
environment, causing a measurable shift in the Zn flux over
time. This, in turn, results in increased maintenance for the
MBE chamber in order to replenish the oxidized Zn source
material. Sapphire substrates discussed in this study were not
treated with oxygen plasma, greatly improving the up-time
of the system by reducing source oxidation and vacuum
regenerative maintenance. The oxygen treatment is not
necessary in this case because the sapphire substrates are
already oxygen-terminated due to long exposure to air making the pretreatment redundant.
High-resolution x-ray diffraction was performed using a
PANanalytical X’Pert materials research diffractometers
(MRD) diffractometer. A multilayer focusing mirror and a
four-bounce Hybrid Ge(220) monochromator provide collimated (18 arc/s divergence) and monochromatic incident
Cu Ka1 radiation, while a three-bounce Ge (220) analyzer
allows separation of coherent and diffuse scattering, thus
permitting the visualization and measurement of the spatial
distribution of scattered radiation. Triple crystal (TC) x-2h
and x x-ray RCs, measured in the vicinity of symmetrical
(0002) reflection were used for characterization of the layer
strain, composition, and crystal perfection. Triple crystal x2h/x reciprocal space maps (RSM) measured in the vicinity of
the (0002) and (11.4) reflections were used to visualize angle
distribution of coherent and diffuse scattered x-ray radiation
and specify spatial distribution of crystalline defects. The vertical and lateral coherence lengths of the substrate and epitaxial
layers, derived from the FWHM of corresponding peaks of the
x-2h and x RCs, were used for evaluating the crystal perfection of the epitaxial structures. The density of threading dislocation loops in the volume of the epitaxial structure and lateral
coherence length of the epitaxial layer were calculated from
the FWHM of x rocking curve, measured at the maximum of
the epilayer diffraction peak.
III. RESULTS AND DISCUSSION
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TABLE I. Typical growth conditions for ZnO.
Nucleation layer
Growth temperature
Zinc temperature
Oxygen flow rate/power
Growth rate



350 C
360  C
1.5 sccm/350 W
0.21 lm/h

ZnO epi-layer
500  C
350  C
1.1 sccm/350 W
0.15 lm/h

high-energy electron diffraction (RHEED). Similar to GaN
growth on sapphire, high quality films can be obtained by
using a low temperature buffer. Here a LT ZnO homonucleation layer was first grown at 350  C on the sapphire substrate
to act as nucleation and buffer layer. A growth rate around
0.21 lm/h was achieved for the nucleation layer as monitored
by laser reflectometry. Because the sapphire substrate is oxygen terminated, Zn is preferred to arrive at the surface and
combine with the surface oxygen with better migration ability.
The Zn shutter was opened first for 3 s, allowing for about one
monolayer of deposition followed by opening of the oxygen
shutter. This sequence reliably generated terrace-step morphology. After 7 min of growth, a 25 nm ZnO nucleation was
formed on the substrate. The RHEED pattern of the nucleation
layer, shown in Fig. 1(a), was initially spotty, indicating a
roughening of the growth surface. The pattern gradually transformed into a sharp streaky pattern [Fig. 1(b)] after annealing
at 600  C for 30 min, indicating the nucleation layer was clean
and flat after the annealing process. A subsequent HT ZnO
layer was grown above the nucleation layer at 500  C. The Zn
to oxygen ratio was maintained for oxygen-rich conditions at
low flux to assure a slow growth rate for HT ZnO layer, in
this case, 0.15 lm/h. This HT regime allowed for homogeneous diffusion of the adatoms and prevention of 3D growth.
The RHEED pattern after a 500 nm HT layer was clearly
streaky, indicating 2D growth, as shown in Fig. 1(c).
B. Zn flux

We found the following stoichiometric condition for ZnO
films at a growth temperature of 500  C: a Zn cell temperature
of 370 to 380  C with oxygen flux of 1.1 sccm and RF power
of 350 W. Since most of the literature concludes the best
growth happens at the stoichiometric condition, we began to
investigate the Zn cell temperature at the stoichiometric point,
in our case, with Zn cell temperature of 378  C. The atomic
force microscope (AFM) image was not as good as we
expected, as shown in Fig. 2(d), with RMS roughness of
6.13 nm, implying that a more oxygen rich condition was
needed. We therefore decreased the Zn cell temperature as
shown in Fig. 2. The roughness was greatly improved at Zn
cell temperatures below 370  C and clear terraces were
observed. We chose a Zn cell temperature of 350  C for subsequent studies since it provides good morphology, and higher
Zn cell temperatures accelerate the oxidation of the Zn cell.

A. Typical growth

C. Growth temperature

The typical growth conditions are listed in Table I. The
deposition of ZnO was monitored in situ by reflection

Most studies in the literature have investigated the influence of growth temperature on the properties of HT growth
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FIG. 1. (Color online) RHEED patterns of LT nucleation layer (a) before annealing, (b) after annealing; (c) 500 nm HT ZnO layer.

layers, without consideration of the influence of the temperature on the LT nucleation layer.19 To optimize the growth
conditions, we studied the influence of the growth temperature on both the HT growth layer and the LT nucleation
layer. The growth procedure was identical as mentioned
earlier, except for varying of the growth temperature. The
relationship between RMS roughness and growth temperature is shown in Fig. 3. It was found that the higher LT
nucleation growth temperature (TLT ¼ 350  C) provides
better morphology for all growth temperatures studied. The
majority of prior studies have utilized growth temperatures
for HT layer up to 700  C. Here, as shown in Fig. 3, we

observe that the surface morphology deteriorates at temperature above 550  C, suggesting lower growth temperatures are
preferred. From Fig. 3, we have identified the best growth
conditions to be TLT ¼ 350  C and THT ¼ 500  C. Due to the
lattice mismatch of ZnO and sapphire, there are always
considerable dislocations found in the films. As shown in the
inset of Fig. 2, although both films showed good surface
RMS roughness and even terrace steps were observed, there
were a large density (4.4  109/cm2) of pits in the films
grown using a TLT ¼ 300  C, even with the best HT growth
conditions. However, the pits was nearly eliminated at

FIG. 2. (Color online) RMS roughness as function of growth temperature for
LT nucleation temperature of 300  C and 350  C. The inset graphs are
1 lm  1 lm AFM images of the best films grown under the two nucleation
temperatures.

FIG. 3. (Color online) RMS roughness as a function of Zn cell temperature
around stoichiometric conditions. The inset graphs are 5 lm  5 lm AFM
images with Zn cell temperature of (a) 350  C, (b) 365  C, (c) 370  C, and
(d) 378  C.
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TLT ¼ 350  C, demonstrating that the higher TLT reduces the
number of defects reaching the surface.
D. X-ray diffraction characterization

The triple-crystal x-2h RC in the vicinity of ZnO (0002)
reflection [Fig. 4(a)] is a smooth slightly asymmetrical (on
the lower angle side) curve without interference fringes,
with FWHM ¼ 26 arc/s, corresponding to 640 nm vertical
coherence length of the layer. This length is less in comparison with the total thickness of epitaxial layer 940 nm,
based on technological evaluation. ZnO 2h angle peak position on the x-2h RC indicates that the elastic stress in this
layer is almost fully relaxed by creation of edge dislocations.
All noted features clearly demonstrate an existence of
closed dislocation loops with edge segments in the volume
of epitaxial layer,20 created at the final stage of the defects
creation procedure, after appearance of open dislocation

FIG. 4. (Color online) (a) Triple-crystal x-2h RC in the vicinity of ZnO
(0002) reflection. Visual asymmetry of the RC is related to additional compressed elastic stress, induced by predislocation clusters and closed dislocation loops; (b) triple-crystal x RC of ZnO (0002) reflection. The inset is the
magnified graph in the dashed area.
J. Vac. Sci. Technol. B, Vol. 31, No. 4, Jul/Aug 2013
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loops and edge dislocations on the interface.21,22 These
closed dislocation loops appear due to the structural transformation of point defects, continuously creating on the growth
front: diffused inward and accumulated in predislocation
clusters above the interface, these point defects induce secondary elastic stress at the bottom of the layer, which finally
transform accumulated point defects to closed dislocation
loops.21,22
The density of created dislocation loops depends on the
number of point defects, created on the growth front, i.e.,
perfection of growth conditions, and the energy of structural
transformation of predislocation clusters to dislocation
loops, i.e., elastic properties of ZnO. The final length of
these loops is determined by the duration of the growth procedure after nucleation of dislocation loops.
The thickness of the bottom sublayer, filled out by closed
dislocation loops may be roughly evaluated by the difference
between the total thickness and the vertical coherence length
of the layer, is derived from the FWHM of the x-2h layer
peak. The left-side asymmetry of the x-2h RC is related to
additional compressed elastic stress, induced by predislocation clusters and closed dislocation loops.23
The triple-crystal x RC measured on the maximum of the
ZnO (0002) peak [Fig. 4(b)] is a convolution of the narrow
curve (FWHM ¼ 13.3 arc/s) and a wide diffuse base, related
to the bottom structurally deteriorated sublayer with a
FWHM of 120 arc/s. The FWHM of the (0002) ZnO peak
(13 arc/s) is below the highest crystallinity reported to date
in the literature (18 arc/s).14 A LT nucleation layer is crucial
on the interfacial region to absorb these defects and produces
a smooth surface that enables the following 2D epitaxial
growth. The RHEED pattern for nucleation layer indicates
the morphology of the initial annealed growth is smooth,
allowing the subsequent growth of a high quality epilayer.
Direct evaluation of the density of dislocation loops from the
FWHM of these peaks [narrow curve and wide diffuse base
in Fig. 4(b)] yields values of 1.7  105 cm2 and
1.6  107 cm2, respectively.24,25 Based on our understanding, the second number correlates specifically with the density of closed dislocation loops at the bottom of the layer,
while the FWHM of the narrow central coherent peak
directly correlates with the lateral coherence length (4 lm
in this case), and not the density of dislocation loops.26 The
narrow width of the central x RC peak correlates with the
crystalline perfection of ZnO layer, but not directly, real
more complicated situation is described below.26,27
Typical ZnO layer grown on sapphire substrate has open
primary and secondary threading dislocation loops (most
probably, screw type), created at the initial stages of epitaxial growth.21,22 These created dislocation loops penetrate
through entire epitaxial layer, following from the bottom
interface to the growth front. In highly lattice-mismatched
epitaxial structures the total density of these dislocation
loops may be roughly evaluated 108 cm2. True screw
dislocation loops have no edge segments in the volume of
epitaxial layer and do not affect vertical coherence of epitaxial layers (do not increase FWHM of the x-2h RC). At rather
low density, they also do not affect lateral coherence of
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epitaxial layer and do not increase FWHM of the central
coherent peak of the x RC.28
Edge dislocations appear on the interface immediately after creation of primary and secondary dislocation loops as a
part of chain defects creation procedure22 to almost fully
accommodate initial elastic strain and fully relax initial elastic stress. Despite the high density of these dislocations
(106 cm1 or even more), located on the interface, they do
not affect vertical and lateral coherences of epitaxial layers
and do not increase FWHM of the x-2h and x RCs. Edge
dislocations do not deteriorate ad-atoms migration on the
growth front and do not deteriorate 2D epitaxial growth
mode.23,26,28,29
The creation of closed dislocation loops in the volume of
the layer, just above the interface, is a final stage of defects
creation process.22 But appearance of these ramified loops in
the volume of the layer may be significantly postponed by
perfect growth condition, which slow down accumulation
and transformation of point defects at the bottom of the
layer.22,23,28,29 The created closed dislocation loops rise up,
following the growth front with the lag, specified by growth
conditions and elastic properties of epitaxial layer. In case of
GaN layer, it may reach 900–1000 nm,30,31 in case of AlN
200 to 250 nm.28,29 The density of closed dislocation loops
is 108 cm2, but usually they are nonhomogeneously distributed in the volume of the epitaxial layer and can create a
kind of dislocation clusters with large spaces between them,
mostly free of extended crystalline defects.28,29 These overlapped defect-free areas may affect both vertical and lateral
coherences of epitaxial layers,28 or just vertical coherence of
the layers.29 Elongation of x-ray radiation diffuse scattered
around ZnO (11–24) diffraction spot along Qx direction
instead of x direction (Fig. 5) is related to the lateral correlation of closed dislocation loops and anisotropic distribution
of induced elastic stress in the volume of ZnO layer.31 To
directly confirm the suggested types, density and spatial

distribution of crystalline defects, conventional cross-section
TEM is desirable.
IV. SUMMARY AND CONCLUSIONS
High quality ZnO thin films were epitaxially grown on cplane sapphire substrates by PAMBE. The oxygen plasma
pretreatment was found unnecessary in this case, indicating
an improvement of the efficiency of growth and time of Zn
source and MBE chamber maintenances. By simply applying
a LT homonucleation ZnO layer, high quality ZnO films
were achieved. Opening Zn source shutter first results in
higher quality nucleation and benefits the high temperature
growth afterward. Growth temperatures and Zn/O ratio for
both the ZnO LT nucleation and HT layer were optimized.
The best growth temperature was found to be 350  C for the
LT nucleation layer and 500  C for HT layer. Under slightly
oxygen rich conditions, epitaxial growth of ZnO on sapphire
was achieved with resultant films having the highest demonstrated quality as compared to known published results. The
RMS surface roughness was 0.373 nm for a 1 lm  1 lm
area with clear hexagonal terrace steps shown in AFM
images. TC x-2h and x x-ray RC, measured in the vicinity
of symmetrical (0002) reflection were used for characterization of the layer strain, composition, and crystal perfection.
The x rocking curve for the ZnO (0002) had a FWHM of 13
arc/s, lower than any prior value reported in the literature,
indicating high quality of the grown material. This research
demonstrates a simple method for realizing high quality ZnO
thin films of very high quality without substrate surface
treatment or introduction of other intermediate layers such
as MgO.
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